Background Estrogen replacement therapy has been associated with a reduction in cardiovascular events in postmenopausal women. One of the mechanisms responsible may be a beneficial effect of estrogen on coronary vascular function. We therefore studied the short-term effects of estrogen on coronary artery dimensions and microvascular resistance in postmenopausal women.
Background Estrogen replacement therapy has been associated with a reduction in cardiovascular events in postmenopausal women. One of the mechanisms responsible may be a beneficial effect of estrogen on coronary vascular function. We therefore studied the short-term effects of estrogen on coronary artery dimensions and microvascular resistance in postmenopausal women.
Methods and Results Twenty postmenopausal women 61±7 years old participated in this study. Seven 10-' mol/L estimated delivered concentrations) and of adenosine (n=18) and sodium nitroprusside (n=10) were performed before and during concomitant continuous intracoronary infusion of 17f3-estradiol to test endothelium-dependent and independent vasodilation, respectively. Intracoronary infusion of estradiol increased coronary sinus estradiol levels from postmenopausal (16±11 pg/mL) to premenopausal (282±t121 pg/mL) levels. Estradiol did not affect basal coronary artery diameter, blood flow, or resistance. Epicardial coronary artery constriction induced by acetylcholine infusion in the control study (maximum, 10±15% from baseline) was prevented during repeat acetylcholine infusion with concomitant estradiol administration (P<.001). Estradiol potentiated the vasodilator coronary microvascular response to acetylcholine as manifest by significantly greater coronary flow (P<.001) and lower coronary resistance (P<.02). The reduction in coronary resistance from baseline in response to acetylcholine was significantly potentiated by estradiol (P=.01), with a mean decrease in coronary vascular resistance during acetylcholine infusion of 20+38% before and 35+±33% during concomitant estradiol administration. The effect of estradiol on coronary dynamics was similar in women with and women without angiographically apparent left coronary artery atherosclerosis and was most prominent in women with the most impaired responses to acetylcholine at both the epicardial (r= -.72, P<.001) and microvascular (r= -.9, P=.006) coronary artery levels. In contrast, estradiol did not affect the coronary epicardial or microvascular vasodilator responses to adenosine or sodium nitroprusside.
Conclusions Physiological levels of 17,8- supraphysiological levels, and no study was performed to determine whether these estrogen effects were endothelium dependent. We undertook the present study to examine the short-term effects of estrogen at physiological concentrations on basal coronary artery dimensions and microvascular resistance and on the vasodilator responses of the coronary circulation to both endothelium-dependent and endothelium-independent agonists in estrogen-deficient postmenopausal women.
Methods

Study Population
All women were less than 75 years old, had not had a menstrual period for at least 6 months, and had not received any hormone replacement treatment within the preceding 6 months. Serum estradiol levels were required to be <50 pg/mL. Patients were studied at the time of diagnostic cardiac catheterization, which was performed for evaluation of cardiac symptoms and/or abnormal noninvasive test results suggestive of ischemic heart disease. They were excluded from study if they had unstable angina, cardiac failure, severe hypertension off medication, untreated hypothyroidism, or any other major systemic illness before catheterization or if they were found to have severe left coronary artery disease (>70% stenosis) at catheterization precluding safe intracoronary administration of relatively high concentrations of acetylcholine. Twenty-one postmenopausal women participated in the study. One was subsequently excluded because of technically unreliable Doppler flow velocity measurements; thus, 20 women composed the final study group (mean age, 61±7 years; range, 49 to 73 years). Of these 20 women, 15 (75%) had a history of hypertension, 6 (30%) had a total cholesterol level >250 mg/dL, and 4 (20%) had diabetes mellitus. Seventeen women (85%) had one or more of these risk factors for atherosclerosis. At coronary angiography, 7 patients were found to have evidence of atherosclerosis of the left coronary artery (2 patients with >50% stenoses), 2 patients had right coronary artery disease only (both <50% stenoses), and 11 patients had angiographically smooth coronary arteries. The study was approved by the National Heart, Lung, and Blood Institute Review Board, and all study participants gave written informed consent.
Protocol
All medications, except for diabetic medication (4 patients) and thyroid replacement therapy (4 patients), were stopped at least five drug half-lives before study. Aspirin and nonsteroidal antiinflammatory drugs were stopped at least 10 days before study. Cardiac catheterizations were performed after an overnight fast, with 10 mg diazepam PO given as premedication. Additional diazepam (2 to 3 mg) was given as needed to maintain patient comfort during the study, which lasted approximately 1.5 hours after diagnostic angiography. After diagnostic right-and left-side catheterization and angiography with 10 000 U heparin IV for anticoagulation, a 6F Judkins catheter was advanced to the ostium of the left coronary artery. A 0.018-in. 12-MHz Doppler wire (Cardiometrics Inc)12 was advanced through this catheter into the proximal left coronary artery that was either angiographically smooth or, if atherosclerotic, without stenosis >50% luminal narrowing. The wire tip was positioned such that a characteristic and stable flow velocity waveform was obtained. In 1 woman, the wire tip was placed in the left main artery; in 14 women, in the left anterior descending coronary artery; and in 5 women, in the circumflex coronary arteries. On-line measurements were made of average peak flow velocity. Each value was taken as the average of three cardiac cycles. In 18 women, a 6F multipurpose catheter was introduced via the right internal jugular vein into the great cardiac vein and was used to sample blood for estradiol levels with comparison to femoral artery levels. Estradiol concentrations were subsequently measured by radioimmunoassay (Diagnostic Products Corp).
Agonist Infusions
To assess endothelium-dependent vasodilator responses, we infused acetylcholine (dissolved in 5% dextrose) into the left main coronary artery for 2 minutes at a rate of 1 mL/min before blood flow measurements were performed. Acetylcholine was administered in the following estimated intracoronary concentrations (in mol/L): 10`8 (0.29 ,ug/min), 10`(2.9 gg/ min), 10-6 (29 ,ug/min), 3 .3x 106 (96 ,ug/min), and 10`(290 ,gg/min), with each dose administered for 2 minutes. Incremental doses of acetylcholine were given until a dose was reached that decreased the coronary flow velocity response (designated Ach 2) compared with the flow velocity obtained with the prior lower concentration of acetylcholine (designated Ach 1). These two doses of acetylcholine were subsequently repeated during the estradiol study. At the end of each infusion, coronary flow velocity and mean blood pressure were recorded, and a coronary angiogram was performed.
To assess endothelium-independent vasodilator responses, adenosine (dissolved in 5% dextrose at a final concentration of 2.2 mg/mL) was infused into the left main coronary artery for 2 minutes at a rate of 1 mL/min in 18 patients, and sodium nitroprusside was infused at a concentration of 40 ,ug/mL into the left main coronary artery for 3 minutes at a rate of 1 mL/min in 10 patients. At the end of each infusion, flow velocity and mean blood pressure were recorded, and a coronary angiogram was performed.
Control Study
In the first 10 patients of this study, 5% dextrose was infused into the left main coronary artery at a rate of 1 mL/min continuously while baseline measurements of flow velocity and angiography were obtained, followed by measurement of the responses to the acetylcholine, nitroprusside, and adenosine.
To achieve solubility in 5% dextrose, 17,8-estradiol (United States Pharmacopeia) required dilution in ethanol. The estradiol concentration of 75 ng/mL used in this study contained 2.5% ethanol. To determine if ethanol alone in this concentration could affect coronary vasomotion, we infused a 2.5% solution of ethanol (1 mL/min) into the left coronary artery, replacing the 5% dextrose infusion. After repeat baseline measurements, the concentration of acetylcholine that achieved the highest coronary flow velocity during dextrose infusion was repeated in 17 women; adenosine infusion was repeated in 4 women. The data of the first 10 women tested in this way demonstrated no effect of ethanol diluent alone on the responses to these agonists compared with 5% dextrose. Thus, in the remaining 10 women studied, the control vasodilator responses to acetylcholine, adenosine, and sodium nitroprusside were obtained only during ethanol diluent infusion.
Estradiol Study
A 10-minute rest period was allowed after completion of the control study. An intracoronary infusion of 17,8-estradiol (75 ng/mL) was then begun at a rate of 1 mL/min. The aim of the infusion was to increase coronary estradiol levels to approximately 300 pg/mL, typical midcycle premenopausal values.'3 Fifteen minutes after the estradiol infusion began, baseline measurements were repeated, and the two highest concentrations of acetylcholine that had been administered during the control study (Ach 1 and Ach 2) were repeated. Adenosine (n= 18) and sodium nitroprusside (n= 10) infusions were also repeated during continuation of the estradiol infusion.
Quantitative Coronary Angiography and Computation of Volume Flow
Left coronary angiograms were obtained in a right anterior oblique projection for measurement of epicardial coronary diameter at baseline and after each drug infusion, using hand During the control study, the two highest concentrations of acetylcholine used (which included the dose producing the highest coronary flow velocity, Ach 1) were designated Ach 1 (median delivered concentration, 10`6 mol/L) and Ach 2 (median delivered concentration, 3 .3 x 10-6 mol/L) (Table) . Epicardial coronary artery constriction induced by Ach 1 and Ach 2 (maximum, 10±15% from baseline) in the control study was prevented during repeated doses of Ach 1 and Ach 2
Estradiol potentiated the coronary microvascular vasodilator responses to Ach 1 and Ach 2 compared with the control study, as manifest both by increased coronary blood flow (P<.001) and reduced coronary resistance (P=.02) (Fig 2) . The reduction in coronary resistance from baseline in response to acetylcholine was significantly potentiated by estradiol (P=.01), with the mean decrease in coronary vascular resistance from baseline in response to Ach 1 and Ach 2 20+38% before and 35±33% after estradiol. In contrast, estradiol did not affect the coronary artery diameter responses or the coronary flow and resistance responses to adenosine or to sodium nitroprusside (Fig 3) . The decrease in coronary vascular resistance from baseline with adenosine was 74±8% before and 74±6% after estradiol, and the decrease in resistance from baseline with sodium nitroprusside was 53 ±24% before and 59 ±8% after estradiol. In the 7 women with angiographic evidence of atherosclerosis in the left coronary artery, Ach 2 resulted in a change in diameter at the site of plaque formation from 2.0±0.8 mm at baseline to 1.9±0.7 mm during the control study and from 1.9±0.8 mm at baseline to 2.0±0.8 mm during estradiol infusion. The magnitude of this effect of estradiol was similar in the 13 women with angiographically smooth coronary arteries; in response to Ach 2, proximal segment diameters at the Doppler wire tip changed from 2.7±0.7 mm at baseline to 2.4±0.8 mm during the control study and from 2.7±0.5 to 2.6±+0.6 mm during estradiol infusion. The effect of estradiol on the mean decrease in coronary vascular resistance from baseline in response to Ach 1 and Ach 2 was similar for the women with left coronary artery atherosclerosis (-35±31% to -46±16%) and the women with smooth left coronary arteries (-13+±40% to -30±39%).
Because estradiol blocked the epicardial coronary artery constriction produced by acetylcholine, correlations were sought between the magnitude of this effect and several demographic, laboratory, and hemodynamic parameters. Patients with the greatest epicardial coronary artery constrictor response to the acetylcholine during the control study (median concentration, 3 .3 x 10-6 mol/L) had the greatest dilator response to the same dose of acetylcholine following estradiol administration (r= -.72, P<.001). However 
Discussion
The present study shows that acute intracoronary administration of estradiol to postmenopausal women, with concomitant estradiol infusion (P<.001) (Fig 1) . Ach indicates acetylcholine. 10-7 mol/L=2.9 ,ug/mL, 10-6 mol/L=29 ,ug/mL, 3.3x10-6 mol/L=96 /.g/mL, 10-5 mol/L=290 j.g/mL.
*P<.001 vs Ach 2 control flow.
which achieves physiological levels of this hormone in the heart, improves responses of the coronary circulation to the endothelium-dependent vasodilator acetylcholine. At the large-vessel level, the vasoconstriction produced by acetylcholine in both angiographically smooth and atherosclerotic segments was prevented by estradiol. Those women who before estradiol administration had the greatest constrictor response to acetylcholine demonstrated the greatest vasodilator response to the same dose of acetylcholine with concomitant estradiol infusion. We also found that estradiol augmented the fall in coronary resistance induced by acetylcholine, a change associated with a significant increase in coronary blood flow. Because the epicardial left coronary arteries were free of angiographically significant disease in all except 2 patients and because the effect of estradiol on epicardial coronary artery diameters was small, our study indicates that an effect of estradiol also occurred at the level of small intramyocardial resistance vessels during acetylcholine administration. The women who before estradiol administration exhibited the most impaired microvascular vasodilator response to acetylcholine demonstrated the greatest increase in coronary flow during repeated administration of the same dose of acetylcholine with concomitant estradiol infusion. Importantly, the effects of estradiol on epicardial arteries and the microcirculation were noted at physiological levels of the hormone. The prevention of acetylcholine-induced constriction of epicardial coronary arteries by estradiol may be due to interference with muscarinic receptor activation on smooth muscle as opposed to enhancement of release of vasodilating substances from the endothelium. However, acetylcholine produced a fall in coronary vascular resistance and an increase in coronary blood flow compared with baseline measurements. Augmentation of this microvascular vasodilator response to acetylcholine by estradiol, in the absence of any effect of estradiol on endothelium-dependent vasodilation at the large-or small-artery level, suggests that the vascular effect of estradiol is mediated through potentiation of an endothelium-dependent vasodilating mechanism. Furthermore, in a previous study, we found that estradiol acutely potentiates acetylcholine-induced vasodilation in the forearm,20 a vascular bed that does not vasoconstrict in response to acetylcholine at the concentrations used in obtaining dose-response curves in our laboratory. The vasodilator effect of estradiol on epicardial arteries could be a consequence of the increased basal and acetylcholine-stimulated coronary flow, with increased epicardial shear stress, as opposed to a direct effect on the epicardial endothelium. However, the likelihood of a direct effect of estradiol on the endothelium of epicardial arteries is supported by the in vitro studies of Gisclard et al,6 in which enhancement of acetylcholineinduced relaxation of femoral artery rings with intact endothelium was noted in vessels from estradiol-treated animals compared with untreated animals. The findings of the present study are compatible with estradiol-mediated enhancement of the release of relaxant factors from the endothelium. We tested the effect of estradiol on two doses of acetylcholine: the dose that produced the greatest magnitude of microvascular vasodilation and the next higher dose that produced relative vasoconstriction, thus overwhelming the effect of endothelial release of relaxant factors by direct smooth muscle muscarinic effects. The vasodilator responses to both doses of acetylcholine were augmented by estradiol. The immediacy of the effect suggests that activation of gene transcription and protein synthesis is not the mechanism. Potentiation of agonist-stimulated flow could be a result of the effects of estrogen at the endothelial cell surface receptor level or at the level of production of the known endothelium-derived relaxing factors nitric oxide, prostacyclin, and endothelium-derived hyperpolarizing factor.21,22 In addition, estrogen is known to have antioxidant properties,23 which could facilitate nitric oxide production or prolong its half-life, with beneficial effects on endothelial signal-transduction pathways that link cell surface receptor activation and nitric oxide production. 24 The release of vasodilating substances by the endothelium is reduced in coronary artery disease and in conditions associated with an increased risk of atherosclerosis, such as hypertension, hypercholesterolemia, and diabetes. [25] [26] [27] [28] [29] [30] [31] [32] Indeed, the majority of women in our study (85%) had one or more of these risk factors for atherosclerosis and vascular dysfunction. Enhancement of production of endothelium-derived vasodilating substances by estrogen could lead to improvement in coronary flow reserve or coronary hemodynamic responses to stress. Additional estrogen benefit to the endothelium is possible. For example, in addition to controlling vascular tone, normal endothelium has antiplatelet, antithrombotic, and fibrinolytic actions. 22, 33, 34 Thus, intact functioning endothelium may not only prevent vasoconstriction but also prevent thrombosis in the coronary circulation. Because acute cardiovascular events commonly relate to coronary vasoconstriction and thrombosis, it is an attractive hypothesis to suggest that the beneficial effect of estrogen on the coronary endothelium demonstrated in the present study is one of the mechanisms of the long-term benefit of estrogen replacement treatment with regard to cardiovascular morbidity and mortality in postmenopausal women.
It is noteworthy that the coronary sinus estradiol levels achieved in the present study were typical of premenopausal values. It remains to be determined whether the same vascular effects would be observed at a lower dose of estrogen than used in our study or with estrogens other than 17p3-estradiol. It is also unknown whether the effect demonstrated with short-term replacement will be observed with long-term therapy, although the animal data suggest that it would be. Further studies are needed to determine whether longterm estrogen replacement has any direct anti-ischemic benefit as a consequence of favorable effects on coronary endothelial function. D M Gilligan, A A Quyyumi and R O Cannon, 3rd
